P lasticity, or the ability to change in response to experience, is an inherent feature of the brain that allows for the development and maintenance of nervous system function. 27 Brain plasticity manifests itself through various mechanisms at different levels; representative examples for such mechanisms at the molecular, cellular, and tissue levels, respectively, include trafficking of neurotransmitter receptors, the rearrangement of neuronal axons and dendrites, and the generation of new neurons and glia.
current treatment modalities effectively, and to devising novel strategies for the therapeutic modification of neural circuits.
A number of studies have suggested the involvement of brain plasticity in clinical recovery from nervous system pathologies, including ischemic stroke 23, 37, 41 and infiltrative brain tumors. 8, 10, 13, 21, 30, 38, 47 These findings, however, were derived from noninvasive and indirect measurements of brain function, such as functional MRI (fMRI), 13, 37 positron emission tomography (PET), 38, 47 and transcranial magnetic stimulation (TMS). 19, 47 Moreover, few of these studies examined brain function in a longitudinal or prospective manner, 10, 17, 21, 30, 32, 37 and thus, most were unable to describe how the brain may adapt over time in response to pathology. Here we describe a direct and longitudinal observation of functional brain organization in patients with glioma, the most common intrinsic brain neoplasm.
Gliomas-particularly astrocytomas and oligodendrogliomas-are infiltrative brain tumors that arise from astrocytes, oligodendrocytes, or their precursors. 4 A basic objective in treatment of a glioma is to safely resect as much tumor as possible. 33 The goal of complete resection, however, is often countered by the risk of iatrogenic injury, particularly when the tumor lies adjacent to or within functional brain regions. In order to avoid functional deficits following tumor resection, direct electrical stimulation (DES) of neural tissue is used to identify and create a patient-specific map of brain areas that serve sensory, motor, and language functions. By testing the functional eloquence of discrete volumes of brain matter, surgeons are able to identify tissue that can be resected with minimal likelihood of functional deficits. 1, 9, 11, 20, 25, 35 In cases that involve postoperative progression of a glioma, patients will sometimes undergo a second surgery in which DES mapping is performed in the same brain region. In these rare instances, repeat DES mapping provides a unique opportunity to directly and longitudinally examine whether brain function reorganizes in the setting of disease. In this study, we examined and compared DES mapping results from patients who underwent 2 or more surgeries for glioma resection. Together, our findings define the stability of DES maps in this population, and provide evidence for the functional reorganization of adult cerebral cortex in the setting of an evolving structural abnormality-specifically, glioma.
methods patients and patient outcome measurements
We retrospectively examined 561 consecutive cases involving adult patients (over the age of 18 years) who underwent intraoperative sensory, motor, or language mapping during awake craniotomy for glioma resection. All patients presented with a frontal, parietal, temporal, or insular glioma within or adjacent to areas presumed to serve sensory, motor, or language function. Tumors and adjacent brain areas were initially identified using MRI and, when available, magnetoencephalography and diffusion tensor imaging. All procedures were performed at the University of California, San Francisco, by 1 senior neurosurgeon (M.S.B.) between 1997 and 2014. The institutional review board at the University of California, San Francisco, approved this study.
Twenty-four to 48 hours prior to surgery, a neurophysiologist conducted language and sensorimotor evaluations. Sensory evaluations included testing of light touch, pain, and position sense, while motor evaluations included testing of face, arm, and leg strength (using a 1-5 scale). Depending on tumor location, language evaluation included assessments of object naming (from a 64-item panel), reading, counting, calculation, and visuospatial identification. Intraoperative language testing was performed using only those items that the individual patient had correctly identified during the preoperative evaluation. The senior neurosurgeon also conducted preoperative and intraoperative sensorimotor and language evaluations. Intraoperative language evaluation (described in greater detail below) consisted of tests of naming, reading, calculation, and counting. Only patients with 1) normal preoperative language (> 90% preoperative naming accuracy) and sensorimotor examinations and 2) complete perioperative records (intraoperative photographs, hand-drawn intraoperative brain maps, and operative reports) were included in our analysis.
Postoperative sensorimotor and language evaluation was performed by the senior neurosurgeon, neurosurgical resident, and neuro-oncologist. Examinations were completed every day during the postoperative hospitalization and at 1 week, 4-6 weeks, and 3-6 months following surgery. Differences between the examiners' findings were reconciled by accepting the examination result that documented the greater degree of impairment.
Neuroanesthesia
Propofol (50-100 μg/kg/minute) or dexmedetomidine (0.7-2.0 μg/kg/hour), as well as a short-acting opiate such as remifentanil (0.05-0.1 μg/kg/minute), were used for sedation during the surgical procedure. Sedation was discontinued after the craniotomy and prior to incision of the dura.
intraoperative mapping and tumor resection
The intraoperative awake mapping techniques used in this study have been described previously. 20, 34, 35 Briefly, the craniotomy was made to expose the tumor and up to 2-3 cm of surrounding cortical surface. DES of the cerebral cortex was performed using 1-mm bipolar electrodes separated by a distance of 5 mm. To ensure that mapping results were not affected by subclinical seizure activity, electrocorticography was used to measure stimulation-induced after-discharge potentials (ADPs). Stimulation-induced seizures were suppressed by irrigating the exposed brain surface with chilled Ringer's solution. 36 If seizures were refractory to cold irrigation, intravenous propofol (1 mg/kg) was administered. The initial stimulation intensity was 2.5 mA, and it was then increased up to a maximum of 6 mA, or 1 mA less than the intensity that evoked ADPs. In all subjects, ADPs were achieved with stimulation intensities that ranged between 2.5 and 6 mA. The typical stimulation current was 3-4 mA. Stimulation sites were spaced over every 1 cm 2 of exposed brain surface overly-ing the tumor. The stimulation intensity was recorded for each patient's mapping procedure. When more than 1 functional modality (i.e, sensory, motor, or language) was tested, mapping of sensory and motor sites was performed first, followed by mapping of language sites. A positive sensory site was identified if the patient reported focal paresthesia of the face, trunk, arm, or leg during application of the stimulus. A positive motor site was identified by involuntary movement of the face, arm, or leg, or impaired motor function during active movement by the patient (e.g., finger tapping). Intraoperative language testing was performed by a neurophysiologist in cooperation with the attending neurosurgeon. In accordance with our previously published reports, positive language sites were defined by stimulation-induced anomia, alexia, or speech arrest, in the absence of motor or seizure activity, during 2 out of 3 stimulation trials. 35 Speech arrest was defined as disruption of number-counting (without mouth or pharyngeal muscle movement), anomia was defined as the inability to name sequential objects presented as line drawings, and alexia was defined as the inability to read words. Stimulation sites were labeled with numbered plastic markers (approximately 5 mm in width), and the mapping results at each numbered site were transcribed onto a hand-drawn map and dictated in an operative report. The labeled mapping sites were recorded by digital photography prior to and following tumor resection.
Tumor resection was performed using frameless navigational guidance based on the preoperative MRI. Wherever a positive site was identified, tumor resection was performed up to 1 cm from the center of the stimulation site. Unless necessary to access the tumor, the senior neurosurgeon did not resect tissue that was not involved by the tumor.
alignment of maps
Hand-drawn maps, operative reports, and digital photographs were used to compare mapping results between the initial and repeat surgeries. Digital photographs were oriented and aligned using anatomical landmarks, including the initial resection cavity, gyral and sulcal contours, and surface blood vessels. Stimulation sites were considered overlapping only if the digital photographs demonstrated spatial overlap (between initial and repeat surgeries) in the placement of the 5-mm plastic stimulation site markers. Based on prior studies, this method ensured that the peak current density produced by bipolar stimulation was delivered to discrete and overlapping volumes of tissue (approximately 5 mm in width). 16, 24, 40 Two individuals (D.G.S. and S.H.J.) independently aligned the maps from initial and repeat surgeries and compared the positions of the stimulation sites using intraoperative photographs, handdrawn maps, and operative reports. Sites were considered overlapping only if both individuals had independently scored them as such.
tumor volume and extent of resection
Tumors were volumetrically analyzed by measuring hyperintense regions on axial T2-weighted fluid-attenuated inversion-recovery (FLAIR) images (for low-grade gliomas) and T1-weighted contrast-enhanced MR images (for high-grade gliomas). For each case, the tumor was segmented manually across all slices with region-of-interest analysis to compute the volume.
Extent of resection was determined by comparing preoperative MR images with those obtained during the first 48 hours after surgery. Gross-total resection (GTR) was defined as the absence of hyperintense tissue on T2-weighted sequences (low-grade gliomas) or the absence of contrast-enhancing tissue on T1-weighted sequences (high-grade gliomas). For the purpose of this study, subtotal resection (STR) was classified as anything other than GTR.
statistical analyses
Descriptive statistics are reported as the mean value (± standard deviation) for continuous variables, unless otherwise specified, and as the frequency of distribution for categorical variables. The Pearson chi-square test was used for categorical analyses, and t-tests were performed for mean comparisons of continuous variables. The Fisher exact test was used if more than 80% of values were less than 5. All statistics were analyzed using JMP statistical software, version 10.0.2 (SAS Institute, Inc.).
results characteristics of patients and tumors
Of 561 patients who underwent an initial awake craniotomy with intraoperative mapping, 39 underwent repeat surgery. In 18 of these 39 patients, the repeat surgery involved stimulation of 1 or more sites that had been tested during the initial surgery. In the remaining 21 cases, which were not included in our analysis, there was no overlap of stimulation sites between the initial and repeat surgeries (2 patients), or the mapping records were incomplete (19 patients). Two of the 18 patients underwent a second repeat surgery; thus, a total of 20 repeat surgeries with overlapping sites were analyzed. Our final study population included 12 men (66.7%) and 6 women (33.3%; Table 1 ). Tumors involved the insula (50.0%), frontal lobe (25.0%), temporal lobe (20.0%), and parietal lobe (5.0%). Tumor pathology included World Health Organization (WHO) Grade II (85.0%) and Grade III (15.0%) lesions. The mean age of the patients at initial surgery was 34.3 ± 8.9 years, and the mean age at repeat surgery was 38.3 ± 9.8 years. The mean interval between initial and repeat surgeries was 4.1 ± 2.1 years.
des mapping
During the initial surgeries, a total of 583 sites were tested by DES; of these, 117 (20.1%) were retested during the repeat surgeries and were considered overlapping sites based on alignment of the stimulation maps. Seven (6.0%) of these 117 sites had been tested for sensory function, 9 for motor function (7.7%), and 101 for language function (86.3%). The spatial distribution of overlapping stimulation sites is depicted in Fig. 1 . During the initial surgery, 95 (81.2%) of the 117 overlapping sites were found to be negative and 22 (18.8%) were found to be positive. All 95 of the negative sites had been tested for language function.
Of the remaining 22 sites, 7 (31.8%) were positive for sensory function during the initial surgeries, 9 (40.9%) were positive for motor function, and 6 (27.3%) were positive for language function.
During the repeat surgeries, 103 (88.0%) of the 117 overlapping sites were found to be negative and 14 (12.0%) sites were found to be positive. Of the 103 sites found to be negative during the repeat surgeries, 100 (97.1%) had been tested for language function and 3 (2.9%) had been tested for motor function. Of the remaining 14 sites, 7 (50.0%) were positive for sensory function, 6 (42.9%) were positive for motor function, and 1 (7.1%) was positive for language function.
Overall, of the 95 sites found to be negative during the initial surgery, 94 (98.9%) were negative at the time of repeat surgery (negative-negative), while 1 (1.1%) was positive at repeat surgery (negative-positive; Table 2 ). Negative mapping sites were resected if they were directly involved by tumor, or if their resection was necessary to access the tumor. Some, but not all, negative sites were resected at the time of reoperation. Twenty-two sites were found to be positive during the initial surgery; 13 (59.1%) of these were positive at the time of repeat surgery (positive-positive), while 9 (40.9%) were negative at repeat surgery (positivenegative). Figure 2 depicts stimulation sites tested in a representative patient who exhibited loss of function at a language site. All 7 sensory sites (100%) exhibited stable function (positive-positive). Six (66.7%) of 9 motor sites exhibited stable function (positive-positive), while 3 (33.3%) exhibited loss of function (positive-negative). Six (100%) of 6 sites that were initially positive for language function later exhibited loss of function (positive-negative), while 1 (1.1%) of 95 sites initially negative for language function exhibited gain of function (negative-positive). Figure 3 illustrates the distribution of sites that were stable, and sites at which loss or gain of function occurred.
Functional reorganization and patient outcomes
Seven (38.9%) of 18 patients demonstrated a change in their functional maps between initial and repeat surgeries; 6 patients (33.3%) lost function at 1 or more sites, while 1 patient (5.6%) gained function at 1 site ( noninvasive techniques such as fMRI, PET, and TMS, DES is considered the most accurate method for identifying functional neural tissue in humans. 3, 15, 29, 31, 42, 43, 45 By examining the function of discrete cortical areas across intervals that ranged from months to years, we provide evidence for the reorganization of motor and language circuits in adult glioma patients. Altogether, this study represents the first large, longitudinal study of the stability and reorganization of DES maps. Our findings expand upon limited case reports hinting that adult plasticity may preserve sensorimotor and language function in the face of infiltrative brain tumors. 10, 17, 21, 30, 32 We identified several positive-negative cortical sites, which, by means of bipolar electrode stimulation, demonstrated functional significance during an initial surgery, but not during a repeat surgery (Fig. 3, lower panel) . During the initial surgeries, stimulation of positive-negative motor and language sites elicited involuntary motor responses or transient loss of speech, respectively, indicating their functional requirement for movement or language. These sites were preserved during the initial surgery and subsequently tested during the repeat surgery, at which time stimulation had no effect on movement or speech, indicating they were no longer functional. Our language and sensorimotor mapping technique remained unchanged between all initial and repeat surgeries. Surprisingly, loss of function at these sites-which were once required for normal motor function or speech-was not associated with new clinical deficits, based on patient examination prior to the repeat surgery. The probable explanation for this phenomenon is that between surgeries, mechanisms of brain plasticity had facilitated the remodeling of neural circuitry or the activation of latent functional pathways, such that these sites were no longer required for motor or speech output.
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The traditional concept of central nervous system organization has separated the brain into "silent" and "eloquent" areas. Conditions that violate eloquent areas are thought to have functional consequences, while those involving silent regions do not cause neurological deficit. A number of studies involving functional imaging examined the neurological basis for language and motor recovery in glioma patients. Noninvasive methods such as fMRI, magnetoencephalography, diffusion tensor imaging, and PET allow for the localization of function in relation to structural brain lesions and demonstrate relocalization of eloquent areas in some patients. 44, 45 For example, fMRI evaluation of patients with low-grade supplementary motor area gliomas has suggested development of eloquence in premotor and supplementary motor areas. 6 It is currently unknown if factors intrinsic to gliomas may directly promote functional reorganization, and whether reorganization is an intrinsic capacity of the brain.
Of the several factors we examined, tumor volume was the only one that differed between patients who demonstrated loss or gain of function and those who did not. Smaller tumor volumes appeared to be associated with a change in function, which, in the majority of cases, was a loss of function. This may reflect the possibility that, in patients with larger tumors, functional sites had already been reorganized to sites remote from the peritumoral areas mapped during the initial surgery. Previous case reports have described single examples of loss of function at motor 17, 30 and language 21,32 sites in glioma patients. In only 1 instance was gain of function observed, and that was at a site positive for language function during a repeat surgery but not during the initial surgery. 21 In the current study, we describe 7 patients who demonstrated changes in their functional maps. Similar to prior reports, we observed a higher incidence of loss of function (at 40.9% of sites that were initially positive) than gain of function (at 1.1% of sites that were initially negative). As previously described, our surgical technique utilizes a limited exposure of the cortical surface, through which only a small margin of normal, peritumoral brain tissue is exposed and tested by stimulation mapping. 35 Thus, we were more likely to identify negative sites-which are expected to be close to, or involved by the tumor-and less likely to identify sites that were positive during the second surgery. This bias makes it difficult to identify negative-positive sites where "compensatory" gain of function may have occurred between surgeries. Indeed, PET, fMRI, and TMS studies 44, 45 have suggested that negative-positive sites can occur as far away as the contralateral cerebral hemisphere, well outside areas we tested by DES mapping.
Broca and Wernicke established classic theories of brain organization by examining language function in patients with focal brain lesions.
2, 46 Later, through the use of electrical stimulation during epilepsy and brain tumor surgeries, Penfield and colleagues validated and extended these theories, 28 while developing mapping techniques still used today for surgeries of the dominant cerebral hemisphere. In recent decades, however, intraoperative mapping studies have identified greater patient-to-patient variability in functional localization than has been classically described. 25, 26, 35 A possible explanation for this variability, as suggested by this study and others, 7, 10, 21, 30 is that brain plasticity, in the face of pathologies that vary between patients, produces unique and patient-specific patterns of brain organization. Brain tumor patients, especially those with slower-growing lesions, may have already undergone functional reorganization prior to surgical treatment, 8 and thus, their sensorimotor and language maps may not reflect the native, canonical organization of the nondiseased brain, if such an organization does exist.
The safety and effectiveness of brain tumor surgery will ultimately benefit from a better understanding of how brain function is localized and reorganized. It has been suggested that the extent of glioma resection can be maximized through sequential procedures, between which functional reorganization is allowed to occur. 10, 30 With advances in noninvasive methods for identifying sensorimotor and language circuits, such as fMRI, TMS, and magnetoencephalography, reorganization could perhaps be carefully observed, with the aim of performing a more aggressive resection once functional neural circuits have developed in areas remote from the lesion. By manipulating brain plasticity through pharmacological, cellular, or electrical stimulation-based strategies, 5, 22, 39 surgeons could perhaps enhance brain reorganization to allow for a greater extent of resection, and to facilitate the maintenance or recovery of sensorimotor and speech function in other disease states.
Finally, with respect to tumor surgery in eloquent brain areas, functional reorganization necessitates patient-specific resection guided by DES mapping. In cases of reoperation, surgeons should not rely on mapping results obtained during the initial surgery, because doing so may lead to the resection of tissue that has since gained function, or may result in incomplete resection due to the avoidance of tissue that was previously functional.
conclusions
Our results suggest that the adult central nervous system reorganizes motor and language areas in patients with glioma. These findings have implications for our understanding of brain plasticity in clinical settings, and they highlight the necessity of intra-operative mapping to guide patient-specific tumor resection. 
